INTRODUCTION {#s1}
============

Nasopharyngeal carcinoma (NPC) is a type of head and neck cancer arising from the epithelial cells lining the nasopharynx. Genetic abnormalities and Epstein-Barr virus infection are implicated in the pathogenesis of the disease, which is more prevalent in Africa and Southeast Asia \[[@R1]--[@R3]\]. Due to the anatomical position of NPC close to the cervical lymph node, it is more likely to metastasize to other areas of the body, leading to difficulty in the use of surgery for treatment. Currently, the use of concomitant chemotherapy and radiotherapy has been shown to improve survival in patients with advanced NPC \[[@R4]\]. However, these therapies still produce severe adverse effects \[[@R5], [@R6]\]. Therefore, the development of new treatment modalities is urgently required to reduce side effects and to reinforce the effectiveness of therapy in NPC.

Phytochemicals are natural plant-derived compounds that have been verified to possess a wide range of biological activities including anticancer effects \[[@R7]\]. Phytochemicals are becoming more attractive for cancer prevention and treatment because they are proven to be an effective treatment with fewer side effects. Coronarin D (CD), a labdane-type diterpene, is isolated mainly from the rhizomes of *Hedychium coronarium* \[[@R8]\]. Previous studies have shown that CD possesses a variety of biological activities such as antiallergic activity \[[@R9]\], anti-inflammatory activity \[[@R10]\], antifungal activity \[[@R11]\], antimicrobial activity \[[@R12]\], and anticancer activity \[[@R13]\]. However, the anticancer effect of CD and its related mechanisms in nasopharyngeal cancer are still largely unknown.

Accumulating evidence suggests that phytochemicals act through multiple mechanisms to induce cell cycle arrest and cellular apoptosis, which exert their antitumor and chemotherapeutic effects \[[@R14], [@R15]\]. Recently, the role of autophagy in cancer therapy has also received extensive attention. Autophagy is a major intracellular degradation mechanism that promotes cell survival through the recycling of cytoplasmic organelles and proteins to provide an energy source and building blocks, leading to tumor cell survival \[[@R16]\]. However, the role of autophagy in cancer remains controversial. Growing bodies of evidence have described cell death associated with autophagic features in response to various antitumor agents \[[@R17], [@R18]\]. Thus, the intricate interplay between apoptosis and autophagy is considered to be two different death modalities that serve pivotal roles in the development of a therapeutic strategy for cancer treatment \[[@R19]\].

Many anticancer drugs can induce the generation of reactive oxygen species (ROS), which subsequently results in the disruption of mitochondrial membrane potential, leading to tumor cell apoptosis \[[@R20], [@R21]\]. Therefore, cancer treatment by means of enhancing intracellular ROS production may be considered an effective approach. However, numerous studies have shown that ROS levels contribute to autophagy activation in response to diverse anticancer drugs, suggesting that autophagy is involved in maintaining cellular homeostasis \[[@R22], [@R23]\]. Recent investigations have also shown that autophagy inhibition could enhance the efficacy of therapeutic strategies, inducing tumor cell death \[[@R24]--[@R26]\]. The aim of the present study was to investigate whether the cytotoxicity of CD on NPC cells is associated with intracellular ROS production and further elucidate the underlying mechanisms that involve cross talk between apoptosis and autophagy.

RESULTS {#s2}
=======

Cytotoxic effects of CD on human NPC cell lines {#s2_1}
-----------------------------------------------

The chemical structure of CD is shown in Figure [1A](#F1){ref-type="fig"}. To examine the anticancer activity of CD on human NPC cells, NPC-BM and NPC-039 were treated with increasing concentrations of CD (0, 2, 4, and 8 μM) for 24, 48, and 72 h. As illustrated in Figure [1B](#F1){ref-type="fig"} and [1C](#F1){ref-type="fig"}, the viability of NPC cells markedly decreased in concentration- and time-dependent manners when compared with the control group (0 μM CD). The results as same as colony formation assay (Figure [1D](#F1){ref-type="fig"}). The cell viability decreased significantly after treatment with 8 μM CD for 24 h. Thus, all subsequent experiments were performed using 0--8 μm CD.

![The dose- and time-dependent effects of Coronarin D (CD) on cell viability in human nasopharyngeal carcinoma (NPC) cells\
**(A)** Chemical structure of CD. **(B)** NPC-BM and **(C)** NPC-039 cells were treated with the indicated concentrations of CD (0-8 μM) for 24, 48 and 72 h. Cell viability was measured by MTT assay. **(D)** NPC-BM and NPC-039 cells cultured in condition medium presence of CD (0--8 μM) for 14 days, as analyzed by colony formation assay. Results are shown as mean ±SEM. from at least three independent experiments. ^\*^*P* \< 0.05, compared with the control (0 μM).](oncotarget-08-108006-g001){#F1}

CD-induced G2/M arrest and cell apoptosis in human NPC cell lines {#s2_2}
-----------------------------------------------------------------

To elucidate the cytotoxic mechanism of CD, the cell cycle distribution was analyzed by PI staining and flow cytometry. As shown in Figure [2A](#F2){ref-type="fig"}, CD increased cell numbers at the G2/M phase after treatment with increasing concentrations of CD for 24 h, accompanied by increased cell numbers at sub-G1 phases in NPC-BM and NPC-039 cells. We next explored the effects of CD on apoptosis in NPC cell lines. DAPI staining was used to estimate CD-induced changes in cell morphology. The results demonstrated an increasing number of apoptotic cells with condensed and fragmented nuclei after treatment with CD for 24 h (Figure [2B](#F2){ref-type="fig"}). To further quantify the extent of apoptosis, cells were double stained with annexin V-FITC/PI and subsequently analyzed by flow cytometry. As presented in Figure [2C](#F2){ref-type="fig"}, the percentages of cells demonstrating early stages of apoptosis (annexin V^+^/PI^−^) and late stages of apoptosis (annexin V^+^/PI^+^) were increased following treatment with CD at 8 μM for 24 h. To determine whether mitochondria-mediated pathways were involved in CD-induced apoptosis, we analyzed mitochondrial membrane potential levels by using a Muse MitoPotential Kit and Muse Cell Analyzer assays. The results showed that CD treatment caused an increase in the percentage of depolarized cells (Figure [2D](#F2){ref-type="fig"}), indicating that loss of mitochondrial membrane potential is involved in CD-induced apoptosis. To further clarify the type of apoptotic mechanisms induced by CD, the expression levels of cleaved forms of caspase-8, caspase-3, caspase-9, and PARP were investigated by Western blot analysis. The results revealed that CD significantly induced the formation of cleaved caspase-8, caspase-3, caspase-9, and PARP in a dose-dependent manner (Figure [2E](#F2){ref-type="fig"} and [2F](#F2){ref-type="fig"}).

![CD induces G2/M phase cell cycle arrest and apoptosis in NPC-BM and NPC-039 cells\
Cells were treated with indicated concentration of CD (0-8 μM) for 24 h. **(A)** PI staining and flow cytometry were performed to estimate cell cycle phase distribution (Sub-G1, G0/G1, S and G2/M). **(B)** Cells were fixed and stained with DAPI solution. Nuclear fragmentation and condensation were observed under a fluorescence microscope. **(C)** After treatment, cells were dual-stained with Annexin V-FITC/PI and analyzed by flow cytometry. **(D)** Effect of CD on mitochondrial membrane potential was done with Muse MitoPotential kit staining followed by flow cytometry. **(E)** A representative Western blot for expression of cleaved caspase-8, -3, -9 and PARP cleavage in cells were treated with increasing concentrations of CD. **(F)** Bar graphs represent the relative density of each band normalized to β-actin. Results are shown as mean ±SEM. ^\*^*P*\<0.05, compared with the control (0 μM).](oncotarget-08-108006-g002){#F2}

CD-induced autophagy in human NPC cell lines {#s2_3}
--------------------------------------------

Numerous studies have indicated that apoptosis and autophagy can both be activated by anticancer drugs. Thus, we investigated whether CD-induced apoptosis is accompanied by autophagy. First, we analyzed the effect of increasing concentrations of CD on the expression of autophagy-related proteins by using Western blot analysis. As expected, CD treatment increased the amount of LC3 II protein and reduced the expression of p62 in dose- and time-dependent manners, indicating a remarkable induction of autophagy (Figure [3A--3D](#F3){ref-type="fig"}). In addition, autophagy is characterized by increased formation of autophagic vacuoles. Hence, we examined the formation of autophagic vacuoles by using the specific fluorescent dyes MDC and AO. As shown in Figure [3E](#F3){ref-type="fig"}, the green fluorescence intensities of MDC-labeled autophagic vacuoles in CD-treated cells were much higher than those in the control. Consistently, cells treated with CD displayed a greater intensity of red fluorescence vesicles, AVOs, in the cytoplasm (Figure [3F](#F3){ref-type="fig"}). Taken together, these results clearly indicate that CD induces a robust autophagy in NPC cells.

![CD induces autophagy in NPC-BM and NPC-039 cells\
**(A)** Cells were treated with increasing concentration of CD (0-8 μM) for 24 h and the expression levels of LC3-I/LC3-II and p62 were examined by Western blot. **(B)** Bar graphs represent the relative density of each band normalized to β-actin. **(C)** Cells were incubated with CD (8 μM) for the indicated time intervals and the expression levels of LC3-I/LC3-II and p62 were examined by Western blot. **(D)** Bar graphs represent the relative density of each band normalized to β-actin. **(E** and **F)** Cells were treated with or without CD (8 μM) for 24 h, and then cells were stained with MDC fluorescent dye. MDC-stained cells were observed under a fluorescence microscope, which is an indicator of autophagosome formation. **(G** and **H)** Cells were treated with or without CD (8 μM) for 24 h, and then cells were stained with acridine orange (AO) for acidic vesicular organelles (AVOs) formation which was examined under a fluorescence microscope. The amount of AVOs (orange-red fluorescence) can be used as a marker of autophagosomes. Results are shown as mean ± SEM. ^\*^*P*\<0.05, compared with the control (0 μM).](oncotarget-08-108006-g003){#F3}

Role of ROS in CD-induced NPC apoptosis {#s2_4}
---------------------------------------

Many studies have indicated that ROS serve as signaling molecules responsible for the modulation of anticancer drug-induced cell death to enhance therapeutic activity \[[@R27]\]. Therefore, the production of ROS was evaluated in CD-treated cells through DCHF-DA staining and flow cytometry. As shown in Figure [4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}, exposure of cells to CD resulted in a dramatic increase in ROS production in dose- and time-dependent manners. Next, the ROS scavenger NAC was used to further characterize the relationship between ROS generation and cell apoptosis. Cell apoptosis was determined by annexin V/PI staining and flow cytometry analysis. Notably, the blockade of CD-induced ROS production by NAC pretreatment substantially enhanced CD-induced increases in late apoptotic cells (Figure [4C](#F4){ref-type="fig"}). As expected, NAC dramatically abolished CD-induced ROS generation (Figure [4D](#F4){ref-type="fig"}). Furthermore, the effect of NAC on CD-induced cell viability changes was detected using the MTT assay. The results displayed significantly reduced cell viability in the presence of NAC. Collectively, these results suggest that ROS inhibition enables the enhancement of CD-induced apoptosis.

![CD increases the generation of intracellular reactive oxygen species (ROS) to modulate cell death in NPC-BM and NPC-039 cells\
The amount of intracellular ROS was assessed using a DCFH-DA fluorescent probe and a flow cytometry. The green DCF fluorescence reflects intracellular ROS production. **(A)** Following treatment of cells with indicated concentrations of CD (0-8 μM) for 24 h, intracellular ROS generation was detected by flow cytometry using DCFH-DA staining. M1: negative control peak; M2: DCFH positive peak. **(B)** Percentage of green DCF fluorescence positive cells over total number of cells were calculated following 30, 60, 90, 120, 150, and 180 min exposure of 8 μM CD. **(C-E)** Cells were pretreated with or without 10 mM N-acetyl-L-cysteine (NAC; ROS scavenger) for 4 h, and then treated with or without 8 μM CD for 24 h. For quantitative analysis of apoptosis, cells were dual-labeled with PI and Annexin V fluorescence and analyzed by Muse Cell Analyzer flow cytometry (C). The scavenging ability of NAC for CD-induced ROS production was evaluated by percentage of green DCF fluorescence (D). Cell viability was determined by MTT assay (E). Data are representative of at least three independent experiments. Results are shown as mean ± SEM. ^\*^*P* \< 0.05, compared with the control (0 μM). ^\#^*P* \< 0.05, compared with cells treated with CD (8 μM).](oncotarget-08-108006-g004){#F4}

CD-induced ROS contributes to upregulation of NOX expression {#s2_5}
------------------------------------------------------------

NOX is a family of enzymes involved in ROS generation, which exhibits a close correlation with progression and cell death in a wide range of cancers \[[@R28], [@R29]\]. To address whether CD induction of ROS is associated with the activation of the NOX family, we exposed cells to NAC prior to stimulation with CD. Pretreatment of cells with NAC considerably blocked CD-stimulated NOX1, NOX2, NOX3, and DUOX2 expression, as assessed by Western blot analysis (Figure [5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}). The finding indicates that CD induces ROS production, which in turn upregulates the expression of NOX family members, creating a positive feedback mechanism for ROS production.

![ROS is involved in CD-induced changes in expression of certain NOX/DUOX isoforms and modulation of TSC/Rheb/mTOR signaling axis to regulate autophagy and apoptosis in NPC-BM and NPC-039 cells\
Cells were pretreated with or without 10 mM NAC for 4 h, and then cultured with or without CD (8 μM) for 24 h. Equivalent amounts of total cell lysates were subjected to Western blot analysis. **(A)** NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2 were detected in cell lysates by Western blot. **(B)** The relative density of the bands was quantified by densitometry analysis. The histograms illustrate the relative expression levels after normalization to β-actin. **(C)** The TSC1, TSC2, Rheb, p-mTOR (Ser2448), mTOR, LC3-I, LC3-II, and p62 were analyzed by Western blot with their respective antibodies. **(D)** The histograms illustrate the relative expression of the indicated proteins normalized to β-actin. **(E)** Levels of cleaved caspase-3, cleaved caspase-9, and cleaved PARP were analyzed by Western blot. **(F)** The relative density of the bands is shown in the histogram. Values represent the mean ± SEM. from three determinations. ^\*^*P* \< 0.05, compared with the control (0 μM). ^\#^*P* \< 0.05, compared cells treated with CD (8 μM) alone.](oncotarget-08-108006-g005){#F5}

CD-induced autophagy and apoptosis are attenuated by treatment with NAC {#s2_6}
-----------------------------------------------------------------------

To further understand the mechanism of NAC-enhanced CD-induced cell apoptosis, we studied whether increased ROS contributes to enhanced autophagy. Previous studies have indicated that the mammalian target of rapamycin (mTOR) complex is a negative regulator of autophagy, which can be activated by modulating TSC1, TSC2, and Rheb. In addition, TSC signaling nodes (TSC1, TSC2, and Rheb) can function as a cellular sensor for ROS \[[@R30], [@R31]\]. Thus, we hypothesized that ROS might play a role in the TSC/Rheb/mTOR signaling axis to engender autophagy activation after CD treatment. As shown in Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}, treatment with CD led to a significant reduction in TSC1, TSC2, and Rheb expression, and consequently repressed mTOR activation. However, pretreatment of cells with NAC could significantly reverse the suppression of TSC1 expression and mTOR activation, but also noticeably enhanced the inhibition of Rheb expression. Consistent with these observations, administration of NAC reduced CD-induced autophagy in NPC cells, as assessed by Western blot analysis. Next, we investigated whether NAC is involved in CD-induced apoptosis in NPC cells. As illustrated in Figure [5E](#F5){ref-type="fig"} and [5F](#F5){ref-type="fig"}, NAC markedly attenuated CD-induced increases in the amount of cleaved caspase-3, cleaved caspase-9, and cleaved PARP. Taken together, these results demonstrate that NAC simultaneously reduces CD-induced autophagy and apoptosis, which regulates their balance and thereby partially promotes CD-induced cell death in NPC cells.

AKT/ERK/p38/JNK signaling pathways are involved in CD-induced apoptosis and autophagy {#s2_7}
-------------------------------------------------------------------------------------

Previous studies have reported that the AKT and MAPK signaling pathways are implicated in apoptosis and autophagy \[[@R32]--[@R35]\]. Therefore, we evaluated the phosphorylation of AKT and MAPKs in response to CD exposure by using Western blot analysis. The results revealed that the stimulation of cells using CD induced an increase in the phosphorylation of AKT and JNK but engendered a reduction in the phosphorylation of ERK and p38 in a dose-dependent manner (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}). To further verify whether the AKT/ERK/p38/JNK signaling pathways are involved in CD-induced apoptosis and autophagy, cells were treated with an AKT inhibitor (LY294002), an ERK1/2 inhibitor (U0126), a p38 MAPK inhibitor (SB203580), or a JNK1/2 inhibitor (SP600125) for 2 h followed by treatment with or without CD for 24 h. The results showed that the AKT and ERK signaling pathways were not related to CD-induced apoptosis and autophagy (Figure [6C--6F](#F6){ref-type="fig"}). By contrast, pretreatment with SB203580 augmented the effects of CD on autophagy resulting from the conversion of LC3-I to LC3-II (Figure [6G](#F6){ref-type="fig"} and [6H](#F6){ref-type="fig"}). Moreover, pretreatment with SP600125 restrained CD-induced increases in cleaved PARP but enhanced the effects of CD on the levels of LC3II (Figure [6I](#F6){ref-type="fig"} and [6J](#F6){ref-type="fig"}). Taken together, our data suggest that both p38 and JNK are likely involved in the apoptosis and autophagy induced by CD.

![The effects of CD on activation of AKT and MAPKs in NPC-BM and NPC-039 cells\
**(A)** Cells were treated with increasing concentrations of CD (0-8 μM) for 24 h. Total cell lysates were analyzed by Western blot with specific antibodies against p-AKT, AKT, p-ERK1/2, ERK1/2, p-p38, p38, p-JNK1/2, p-JNK1/2, and β-actin. **(B)** The intensity of the phosphorylation signals normalized against their total protein levels. The histogram illustrates the relative phosphorylation levels. **(C-J)** Effects of the inhibition of AKT, ERK1/2, p38, and JNK1/2 on CD-induced apoptosis and autophagy were assessed by Western blot using specific antibodies (cleaved PARP and LC3-I/LC3-II). Cells were pretreated with LY294002 (AKT inhibitor, 20 μM), U0126 (ERK1/2 inhibitor, 10 μM), SB203580 (p38 MAPK inhibitor, 10 μM), or SP600125 (JNK inhibitor, 20 μM) for 1 h followed by treatment with or without CD for 24 h. The intensity of the band signals was quantified by densitometry and normalized to β-actin. The relative expression levels are shown in the histogram (right panel). Values represent the mean ± SEM. from three determinations. ^\*^*P* \< 0.05, compared with the control (0 μM). ^\#^*P* \< 0.05, compared cells treated with CD (8 μM) alone.](oncotarget-08-108006-g006){#F6}

Effects of autophagy inhibition on CD-induced cell death in human NPC cell lines {#s2_8}
--------------------------------------------------------------------------------

To clarify the relative roles of autophagy and apoptosis in CD-induced cell death, autophagy inhibitors (wortmannin and BafA1) and a broad-spectrum caspase inhibitor (Z-VAD-FMK) were used in the subsequent experiments. As revealed in Figure [7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"}, cotreatment of cells with CD and either wortmannin or BafA1 significantly enhanced cell death, compared with CD alone. However, CD combined with Z-VAD-FMK prevented reductions in cell viability in response to CD (Figure [7C](#F7){ref-type="fig"}). Next, we also measured the effects of inhibitors on CD-induced increases in the amount of cleaved PARP and LC3 II protein. The results showed that the level of LC3-II was effectively reduced in cotreatment with wortmannin (Figure [7D](#F7){ref-type="fig"} and [7E](#F7){ref-type="fig"}); however, co-treatment with BafA1 caused a remarkable accumulation of LC3-II (Figure [7F](#F7){ref-type="fig"} and [7G](#F7){ref-type="fig"}). BafA1 is known to be a strong inhibitor of the vacuolar type H^+^-ATPase and thereby inhibits the final step of lysosomal digestion in autophagy, and is able to block autophagy flux and increase cellular LC3-II levels. Both autophagy inhibitors did not change CD-induced increases in the formation of cleaved PARP. Moreover, cotreatment of cells with CD and Z-VAD-FMK effectively reduced CD-induced cleaved PARP levels but failed to inhibit an increase in the amount of LC3-II (Figure [7H](#F7){ref-type="fig"} and [7I](#F7){ref-type="fig"}). These data suggest that activation of autophagy is essential for cell survival under CD treatment.

![Inhibition of autophagy increased CD-induced cell death in NPC-BM and NPC-039 cells\
Cells were pretreated with Wortmannin (50 μM), BafA1 (1 nM), or Z-VAD-FMK (20 μM) for 1 h followed by treatment with or without CD for 24 h. **(A-C)** Cell viability was determined by MTT assay. **(D-I)** Crude lysates were prepared from NPC-BM and NPC-039 cells and analyzed by Western blot (upper panel) with antibodies against cleaved PARP and LC3-I/LC3-II. Beta actin was used as loading control. The respective protein levels were normalized to β-actin. The relative expression levels are shown in the histogram (lower panel). Values represent mean ± SEM. from three independent experiments. ^\*^*P* \< 0.05, compared with the control (0 μM). ^\#^*P* \< 0.05, compared cells treated with CD (8 μM) alone.](oncotarget-08-108006-g007){#F7}

DISCUSSION {#s3}
==========

In the present study, we investigated whether CD exerts strong cytotoxicity against human nasopharyngeal cancer cells. This is the first report showing that CD can significantly promote G2/M arrest and the activation of both apoptosis and autophagy, leading to cell death in human NPC cells. We found that CD induced a marked increase in ROS generation, whereas pretreatment with the ROS inhibitor NAC remarkably attenuated the CD-induced activation of both apoptosis and autophagy. Moreover, the p38 and JNK signaling pathways were major mechanisms involved in the apoptosis and autophagy triggered by CD. We also examined the potential role of autophagy in CD-induced apoptotic cell death in human NPC cells. The results reveal that autophagy suppression can potentiate the cytotoxic activity of CD treatment, indicating the prosurvival function of autophagy to protect cells from death.

Intracellular ROS could originate from multiple sites such as the mitochondrial respiratory chain, cytochrome *P*-450 oxygenase, and NADPH oxidases \[[@R32]\]. ROS have been recognized as crucial intracellular signals involved in various physiological and pathological processes. Elevated ROS levels have been linked to the generation of genomic instability, thereby contributing to the process of carcinogenesis and cancer progression \[[@R33], [@R34]\]. However, emerging evidence indicates that natural anticancer compounds can induce cancer cell apoptosis by increasing ROS generation, which subsequently leads to the disruption of the mitochondrial membrane potential, resulting in tumor cell apoptosis \[[@R35], [@R36]\]. Therefore, anticancer agents by means of enhancing intracellular ROS production may be considered an effective approach.

The NOX/DUOX family of NADPH oxidases consists of seven members (NOX1-5 and DUOX1-2), and it has received increasing attention for its correlation with cancer development and progression \[[@R28], [@R37], [@R38]\]. In this study, we found that CD induced ROS generation, which in turn resulted in certain NOX/DUOX isoform (NOX1, NOX2, NOX3, and DUOX2) expression levels, which were abrogated by pretreatment with the ROS scavenger NAC. This finding indicates that some isoforms of NADPH oxidase can be activated from ROS, leading to further stimulation of ROS formation, which is a positive feed-forward ROS-induced ROS release mechanism by the NADPH oxidase axis to promote sustained amplification of ROS signaling. Consistent with our findings, previous studies have demonstrated that functional linkage between the mitochondria and the NOX family of NADPH oxidase is crucial for the sustained accumulation of ROS and cell death \[[@R38]--[@R41]\].

In addition, an emerging body of evidence indicates that ROS could be signaling molecules; they might induce autophagy to protect from death in response to a variety of therapeutic drugs \[[@R23], [@R42], [@R43]\]. Consistently, we found that inhibition of autophagy by pharmacological inhibitors (wortmannin and BafA1) significantly sensitized NPC cells to CD-induced cell death. The mTOR is a serine/threonine protein kinase that acts as a major negative regulator of autophagy. Rheb (Ras homolog enriched in the brain) is a small guanosine triphosphatase (GTPase) that is known as a key upstream activator of mTOR. The TSC 1/2 complex (tuberous sclerosis complex 1/2) is a GTPase-activating protein that inhibits the activity of Rheb by stimulating the conversion of Rheb-GTP to Rheb-GDP to repress mTOR signaling \[[@R44]--[@R46]\]. Hence, TSC1/2 inactivation can stimulate mTOR activation to inhibit autophagy. According to one report, the TSC signaling node is shown to serve as a cellular sensor for ROS to regulate mTOR and autophagy \[[@R30]\]. Our data demonstrate that CD promotes intracellular ROS generation, while simultaneously inhibiting TSC1, TSC2, and Rheb expression and repressing mTOR activation. Thus, the exact mechanisms through which CD inhibits mTOR activation via the TSC1/TSC2/Rheb axis require further exploration.

In conclusion, we demonstrated that CD induced significant G2/M arrest, apoptosis, and autophagy in human NPC cells. Furthermore, CD increased ROS generation and subsequently activated both autophagy and apoptosis. Although CD could activate the AKT/JNK pathways and suppress the ERK/p38 pathways, only the p38/JNK signaling pathways were involved in apoptosis and autophagy. In particular, inhibition of autophagy enhanced the cytotoxicity of CD, which suggests that a combination of CD and autophagy inhibitors may be a promising strategy for the treatment of human NPC cell lines.

MATERIALS AND METHODS {#s4}
=====================

Chemicals {#s4_1}
---------

Coronarin D (purity \> 95%) was purchased from ChemFaces (Wuhan, Hubei, China). It was dissolved in dimethyl sulfoxide (DMSO) and diluted with culture medium to the final concentration on the experimental day. The final concentration of DMSO for all treatments was consistently less than 0.1%. All cell culture reagents were purchased from Invitrogen (Carlsbad, CA, USA). The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), propidium iodide (PI), RNase A, DAPI dye, protease inhibitor cocktail, phosphatase inhibitor cocktail, monodansylcadaverine (MDC), acridine orange (AO), and 2′, 7′-dichlorofluorescein diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St Louis, MO, USA). Antibody against cleaved caspase-3, -8, and -9, cleaved poly (ADP-ribose) polymerase (PARP), LC3B, p62, NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, DUOX2 TSC1, TSC2, Rheb, p-mTOR (Ser2448), mTOR, p-AKT, AKT, p-ERK1/2, ERK1/2, p-p38, p38, p-JNK1/2, JNK1/2, and β-actin were purchased from Cell Signaling Technology (Danvers, MA, USA). Specific inhibitors for *N*-Acetyl-L-cysteine (NAC) AKT inhibitor (LY294002), ERK1/2 (U0126), p38 MAPK (SB203580), JNK (SP600125) Wortmannin and Bafilomycin A1 (Baf A1), and z-VAD-FMK were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture {#s4_2}
------------

The human nasopharyngeal carcinoma (NPC) cell lines (NPC-BM and NPC-039) were a gift from Dr. Jen-Tsun Lin, Hematology & Oncology, Changhua Christian Hospital. All cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 0.1 mM non-essential amino acids, 1 mM glutamine, 1% penicillin/streptomycin (10,000 U/ml penicillin and 10 mg/ml streptomycin), 1.5 g/l sodium bicarbonate, and 1 mM sodium pyruvate (Sigma, St. Louis, MO, USA) and maintained at 37°C in a humidified atmosphere of 5% CO~2~.

Cell cytotoxicity {#s4_3}
-----------------

Cells were seeded into 96-well plates at a density of 0.5 × 10^5^ cells/ml overnight. Afterwards, the cells were incubated with indicated CD concentration. At every indicated time interval after CD treatment, 20 μl of MTT (5 mg/ml) was added to each well and incubated for further 4 h at 37°C. The supernatant was then discarded, and 100 μl of DMSO was added to each well to dissolve the formazan crystals. Optical density (OD) was evaluated by measuring the absorbance, with a test wavelength of 490 nm and a reference wavelength of 630 nm.

Colony formation assays {#s4_4}
-----------------------

As previously described \[[@R47]\]. Human NPC-BM and NPC-039 cell lines were seeded at a concentration of 5×10^3^cells in 6-well cell culture plates in appropriate media. After 24h of incubation, media were replaced with fresh media containing CD at 2, 4, 8 μM. Incubates medium with compound changed every 3 days. Colonies were allowed to form for 2 weeks and then stained with 0.3% crystal violet solution. The supernatant was then discarded by DMSO. Optical density (OD) was evaluated by measuring the absorbance.

Cell-cycle analysis {#s4_5}
-------------------

Cells were seeded (5 × 10^5^/well) on 6-well plates overnight and incubated with various concentrations of CD for 24 h. Afterwards, cells were fixed 70% ice-cold ethanol overnight, and then stained with PI buffer (4 mg/ml PI, 1% Triton X-100, 0.5 mg/ml RNase A in PBS) for 30 min in the dark at room temperature. The cell cycle distribution was analyzed by Muse Cell Analyzer (Millipore, Hayward, CA, USA).

Detection of apoptosis {#s4_6}
----------------------

Apoptosis was detected though DNA condensation/fragmentation analysis using fluorescence microscopy (Lecia, Bensheim, Germany). Briefly, cells were collected and fixed by 4% paraformaldehyde for 20 min. Cells were then plated on the slides and stained with DAPI dye (50 μg/ml) for 10 min. The nuclear morphological changes related to apoptosis were assessed at least 500 cells. In addition, apoptosis was also analyzed by Annexin V and Dead Cell Assay (Merck Millipore, Germany). Briefly, cells (1 × 10^5^) were harvested and resuspended in 100 μl PBS with 2% BSA after treatment. Cells were then stained with Muse Annexin V & Dead Cell Reagent (100 μl) for 20 min at room temperature in the dark. The signals were measured Muse Cell Analyzer.

Mitochondrial membrane potential assay {#s4_7}
--------------------------------------

Cells were seeded on 6-well plates overnight and then treated with indicated concentrations of CD for 24 h. Then, cells were harvested with trypsin, washed with PBS and collected by centrifugation at 400 × g for 5 min. After centrifugation, the supernatant was removed and the cell pellets were stained with Muse MitoPotential dye for 20 min at 37°C. Cells were then incubated with 7-AAD, a dead cell marker, for an additional 5 min at room temperature. The data were analyzed by Muse Cell Analyzer (Millipore).

Western blot analysis {#s4_8}
---------------------

Cells were harvested and lysed in RIPA buffer supplied with protease/phosphatase inhibitor cocktail. Protein concentration was determined by the BCA assay (Pierce). Equal amount of protein was separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, MA). Membranes were blocked with 5% skim milk in PBS for 1 h and then incubated at 4 °C overnight with the indicated primary antibodies. Membranes were washed with PBS/0.1% Tween 20 (PBST) and incubated for 1 h at room temperature with the appropriate secondary antibodies conjugated to horseradish peroxidase. Membranes were then washed and bound antibodies were visualized using a chemiluminescence (ECL) detection kit (Millipore). The signals were examined and the relative photographic density was quantitated by AlphaImager 2000 systems (Alpha Innotech Corp., San Leandro, CA, USA).

Detection of autophagic vacuoles {#s4_9}
--------------------------------

Cells were grown in 6-well plates followed by treatment with DMSO (vehicle) or indicated concentrations of CD for 24 h. Thereafter, cells were stained with 1 μg/ml AO or 50 μM MDC in fresh RPMI 1640 medium for 30 min at 37°C in the dark. After three times washing with PBS, cells were immediately visualized by a fluorescence microscope.

Measurement of reactive oxygen species (ROS) {#s4_10}
--------------------------------------------

ROS was detected by using the florescent probe DCFH-DA which can be deacetylated to DCFH in the cells. The ROS levels were measured by dichlorofluorescein (DCF) which is an oxidized product of DCFH by ROS. Briefly, cells were exposed to the indicated dose of CD for 24 h, and then with stained with 25 μM of DCFH-DA for 30 min at 37°C in the dark. Cells were harvested and washed with PBS; intracellular ROS levels were evaluated by flow cytometer.

Statistical analysis {#s4_11}
--------------------

Values represent the means ± standard deviation and the experiments were repeated at least three times. Statistical analyses were performed using the one-way analysis of variance (ANOVA) followed by Tukey\'s *post-hoc* test was used when more than three groups were analyzed. Data comparisons were performed with Student\'s *t* test (Sigma-Stat 2.0, Jandel Scientific, San Rafael, CA, USA) when two groups were compared. In all cases, a *P* value \<0.05 was considered to be statistically significant.
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NPC

:   nasopharyngeal carcinoma

CD

:   Coronarin D

ROS

:   reactive oxygen species

DMSO

:   dimethyl sulfoxide

FBS

:   fetal bovine serum

ERK1/2

:   extracellular signal-regulated protein kinases 1 and 2

JNK1/2

:   c-Jun N- terminal protein kinase 1 and 2

mTOR

:   mechanistic target of rapamycin

PARP

:   cleaved poly (ADP-ribose) polymerase

LC3

:   microtubule-associated protein 1A/1B-light chain 3

NOX

:   NADPH oxidase

DUOX

:   dual oxidase

TSC

:   tuberous sclerosis proteins

RHEB

:   Ras homolog enriched in brain
